Subjects with the metabolic syndrome (MetS) have enhanced oxidative stress and inflammation. Dietary fat quality has been proposed to be implicated in these conditions. We investigated the impact of four diets distinct in fat quantity and quality on 8-iso-PGF 2a (a major F 2 -isoprostane and oxidative stress indicator), 15-keto-13,14-dihydro-PGF 2a (15-keto-dihydro-PGF 2a , a major PGF 2a metabolite and marker of cyclooxygenasemediated inflammation) and C-reactive protein (CRP). In a 12-week parallel multicentre dietary intervention study (LIPGENE), 417 volunteers with the MetS were randomly assigned to one of the four diets: two high-fat diets (38 % energy (%E)) rich in SFA or MUFA and two low-fat high-complex carbohydrate diets (28 %E) with (LFHCC n-3) or without (LFHCC) 1·24 g/d of very long chain n-3 fatty acid supplementation. Urinary levels of 8-iso-PGF 2a and 15-keto-dihydro-PGF 2a were determined by RIA and adjusted for urinary creatinine levels. Serum concentration of CRP was measured by ELISA. Neither concentrations of 8-iso-PGF 2a and 15-keto-dihydro-PGF 2a nor those of CRP differed between diet groups at baseline (P.0·07) or at the end of the study (P. 0·44). Also, no differences in changes of the markers were observed between the diet groups (8-iso-PGF 2a , P¼ 0·83; 15-keto-dihydro-PGF 2a , P¼0·45; and CRP, P¼ 0·97). In conclusion, a 12-week dietary fat modification did not affect the investigated markers of oxidative stress and inflammation among subjects with the MetS in the LIPGENE study.
Subjects with type 2 diabetes have enhanced inflammation and oxidative stress (1 -3) . These conditions may also be involved in the vascular complications of the disease (3) . A role of dietary fat has been suggested in inflammation and oxidative stress (4, 5) . Because several features of the metabolic syndrome (MetS) are associated with enhanced inflammatory and oxidative stress markers (1, 4, 5) , it is relevant to investigate if these markers can be lowered by altering dietary fat intake.
Inflammatory processes can be investigated by measuring cytokine-mediated products such as C-reactive protein (CRP), or by studying the cyclo-oxygenase-induced pathway. Cyclo-oxygenase is an enzyme that catalyses the conversion of arachidonic acid to PGF 2a , a potent smooth muscle stimulator and a vaso-and bronchoconstrictor. When secreted into the systemic circulation, PGF 2a is instantly converted to the major metabolite 15-keto-13,14-dihydro-PGF 2a , and the latter is used to measure in vivo PGF 2a biosynthesis (4) . Isoprostanes are a group of PG-like compounds, but unlike PG, their formation is not cyclo-oxygenase dependent. 8-Iso-PGF 2a is the major F 2 -isoprostane synthesised from arachidonic acid through a free radical-catalysed reaction, and is a reliable indicator of oxidative stress (5 -7) . The aim of the present study was to investigate the effects of an isoenergetic modification of dietary fat quantity and quality on concentrations of 8-iso-PGF 2a (as an oxidative stress marker), 15-keto-dihydro-PGF 2a (as an indicator of cyclo-oxygenase-mediated inflammation) and CRP (as a marker of cytokine-induced inflammation) in subjects with the MetS.
Methods

Study design
The LIPGENE study is a randomised, parallel intervention study carried out at eight European centres: University College Dublin, Republic of Ireland; University of Reading, UK; Oslo University Hospital Aker/University of Oslo, Norway; INSERM, Marseille, France; Maastricht University, The Netherlands; Hospital Universitario Reina Sofía, University of Córdoba, Spain; Jagiellonian Medical University College, Krakow, Poland; and Uppsala University, Sweden. The study was conducted according to the guidelines laid down in the Declaration of Helsinki, registered with the US National Library of Medicine Clinical Trials registry (NCT00429195) and approved by the local ethics committees at each centre. All the participants gave written informed consent before entering the study.
A total of 486 volunteers with the MetS were randomised in this 12-week dietary intervention study. Inclusion criteria were age 35 -70 years, BMI 20 -40 kg/m 2 and the MetS defined by three or more of the following criteria (National Cholesterol Education Program Adult Treatment Panel III (8) , slightly modified): fasting plasma glucose . 5·5 mmol/l, serum TAG $ 1·5 mmol/l, serum HDL-cholesterol , 1·0 mmol/l in males and , 1·3 mmol/l in females, waist circumference . 102 cm in males and . 88 cm in females, and elevated blood pressure (systolic blood pressure $ 130 mmHg, diastolic blood pressure $ 85 mmHg or on prescribed blood pressure-lowering medication). Study design and recruitment strategies have been described previously (9) . Before and after intervention, all the subjects completed a health and lifestyle questionnaire, and anthropometric and biochemical measurements were performed according to standardised protocols.
The randomisation was performed centrally, according to age, sex and fasting plasma glucose concentration using the MINIM (Minimisation Programme for Allocating patients to Clinical Trials, Department of Clinical Epidemiology, London Hospital Medical College, London, UK) randomisation programme. Participants were randomised to one of the four isoenergetic diets differing in fat quantity and quality: two high-fat diets (38 % energy (%E)) and two low-fat highcomplex carbohydrate diets (28 %E). Of the high-fat diets (38 %E fat), one was rich in saturated fat (HSFA: 16 %E SFA, 12 %E MUFA and 6 %E PUFA), and the other one was rich in monounsaturated fat (HMUFA: 8 %E SFA, 20 %E MUFA and 6 %E PUFA). The low-fat high-complex carbohydrate diets (LFHCC; 28 %E fat: 8 %E SFA, 11 %E MUFA and 6 %E PUFA) were supplemented with either 1·24 g/d very long chain n-3 PUFA (LFHCC n-3) (Marinol w C-38, the EPA and DHA ratio was 1·4:1) or 1 g/d high-oleic acid sunflower oil (LFHCC). To attain the targets of the dietary intervention, a food exchange model was used as described by Shaw et al. (9) . Before intervention, dietary habitual intake was assessed by a 3 d weighed food dietary record, and was used as a basis for isoenergetic (, 2 kg weight change) dietary fat modification. Trained nutritionists performed 24 h recalls every second week, and two additional 3 d weighed food dietary records were completed at weeks 6 and 12 to assess dietary compliance. Energy intake was adjusted if body weight change exceeded 2 kg. Physical activity, alcohol consumption and smoking habits were not altered during the intervention.
Fasting urine samples were collected by the participants and brought during the visits. Anthropometric measurements were recorded according to a standardised protocol for the LIPGENE study. Blood pressure was measured using an automatic blood pressure device. Blood samples were taken after 12 h of fasting. Plasma TAG, HDL-cholesterol and glucose analyses were done with an ILAB 600 clinical chemical analyser using enzymatic colorometric kits (Instrumentation Laboratory, Warrington, UK). Serum CRP concentrations were determined by high-sensitivity ELISA (BioCheck, Inc., Foster City, CA, USA) at the University College Dublin. Urinary 15-keto-dihydro-PGF 2a (10) and 8-iso-PGF 2a (11) were assessed at the Uppsala University by RIA, and were adjusted for urinary creatinine (ILe Test; Monarch International, Inc., Amherst, NH, USA). The intra-assay CV was 12·2 % at low concentrations and 14·0 -14·5 % at high concentrations.
Statistics
Baseline characteristics are described as means and standard deviations. Variables that are not normally distributed are described as median and interquartile range. 8-Iso-PGF 2a , 15-keto-dihydro-PGF 2a and CRP were not normally distributed, so non-parametric statistics were used. Kruskal -Wallis test was performed to investigate differences in the inflammatory and oxidative stress markers between the diet groups. To test paired observations within each diet group, Wilcoxon signed-rank test was used. Subgroup analyses were performed according to sex and smoking habits. To avoid elevated CRP due to acute infections, subjects with CRP concentrations $ 10 mg/l at either baseline (n 60) or end of the study (n 49) were excluded from the post hoc analysis (HSFA, n 81; HMUFA, n 94; LFHCC, n 84, and LFHCC n-3, n 81). Two subanalyses were performed by dividing the participants according to the total fat intake above or below the median: one was based on fat intake at baseline, and the other was based on fat intake in each diet group at follow-up. Kruskal -Wallis test and Wilcoxon signed-rank test were also performed to investigate differences in plasma fatty acid composition as a measurement of compliance. The change in major plasma fatty acids (i.e. % (at follow-up) 2 % (at baseline) ) was associated with changes in oxidative stress and inflammatory markers (i.e. concentration (at follow-up) 2 concentration (at baseline) ) by Spearman's correlation. The statistical analyses were carried out using the software SAS, version 10 (SAS Institute, Inc., NC, USA). All tests were two tailed, and P, 0·05 was considered statistically significant.
Results
A total of 417 subjects completed the study. Measures of CRP, 15-keto-dihydro-PGF 2a and 8-iso-PGF 2a concentrations at both baseline and follow-up were assessed in 415, 408 and 409 subjects, respectively. Baseline characteristics of the subjects fulfilling the intervention are presented in Table 1 . Seventy-three subjects reported the use of tobacco (HSFA, n 22 (22 %); HMUFA, n 22 (20 %); LFHCC, n 15 (14 %); and LFHCC n-3, n 14 (14 %)). The median for the number of cigarettes consumed per day was 11 (minimum: 0·1 and maximum: 60). Dietary intake at the end of the study is presented in Table 2 . Fatty acid composition in the plasma at the end of the study is presented in Table 3 . At the end of the study, the HMUFA group had higher proportions of oleic acid (18 : 1) in the plasma than the HSFA and LFHCC n-3 groups (P¼0·0008 and 0·005, respectively). There was also a trend towards a higher proportion of 18 : 1 in the HMUFA group than in the LFHCC group (P¼0·06). With regard to the n-3 PUFA, the LFHCC n-3 group had significantly higher proportions of EPA (P¼0·0001), docosapentaenoic acid (DPA) (P,0·05) and DHA (P, 0·003) than the other groups, except for DHA, which did not differ significantly between the two low-fat diets. Neither concentrations of 8-iso-PGF 2a and 15-keto-dihydro-PGF 2a nor those of CRP differed between the diet groups at baseline (P. 0·07) or at the end of the study (P.0·18). The investigated inflammatory and oxidative stress markers were not altered during the intervention (Table 4) , and no differences in changes were observed between the diet groups (8-iso-PGF 2a , P¼0·83; 15-keto-dihydro-PGF 2a , P¼0·45; and CRP, P¼0·97 (results on CRP have been reported previously briefly as 'data not shown' AC Tierney, unpublished results)). Results were not altered in the post hoc analyses based on smoking status or sex. Furthermore, no significant differences were observed HSFA, high-fat diet rich in SFA; HMUFA, high-fat diet rich in MUFA; LFHCC, low-fat high-complex carbohydrate diet; LFHCC n-3, LFHCC with n-3 supplementation. * Variables that are not normally distributed are presented as medians and interquartile ranges. (%E)  17·1  14·4 -20·2  16·6  15·4 -18·6  18·0  15·7 -21·3  17·9  15·5 -20·3  Alcohol (%E)  0·0  0·0 -2·5  0·0  0·0 -3·2  0·0  0·0 -2·0  0·3  0·0 -2·3 HSFA, high-fat diet rich in SFA; HMUFA, high-fat diet rich in MUFA; LFHCC, low-fat high-complex carbohydrate diet; LFHCC n-3, LFHCC with n-3 supplementation; %E, percentage energy.
after classifying the subjects according to their habitual fat intake. Participants were also divided according to the total fat intake above or below the median in each diet group, respectively (medians: HSFA, 39·8 %E; HMUFA, 39·5 %E; LFHCC, 29·2 %E; and LFHCC n-3, 28·2 %E). Subjects with a fat intake above the median in the LFHCC n-3 group had increased concentrations of 8-iso-PGF 2a (P¼0·05) during the intervention, whereas those with a fat intake above the median in the HMUFA group had low concentrations of 15-keto-dihydro-PGF 2a (P¼0·02). The change in concentrations of 15-keto-dihydro-PGF 2a and CRP during the intervention was not related to changes in plasma fatty acids, whereas the change in 8-iso-PGF 2a was negatively related to changes in DPA and DHA (r 20·15, P¼0·003 and r 2 0·13, P¼0·007, respectively). When dividing the cohort into the diet groups, the associations remained for the two low-fat groups (LFHCC: r 2 0·27, P¼0·005 (DPA) and r 20·21, P¼0·03 (DHA); LFHCC n-3: r 2 0·27, P¼0·01 (DPA) and r 2 0·25, P¼0·02 (DHA)), whereas the associations were non-significant (P. 0·13) in the two high-fat groups.
Discussion
LIPGENE is a European multicentre dietary intervention study that investigates the effects of fat quality and quantity on risk factors associated with the MetS. Here, we present the results concerning the markers of oxidative stress and inflammation. The current dietary fat intervention, comparing high-fat diets (MUFA or SFA) v. low-fat diets (with or without n-3 supplementation), did not significantly alter the concentrations of 8-iso-PGF 2a , 15-keto-dihydro-PGF 2a and CRP. However, the levels of 8-iso-PGF 2a increased in subjects in the LFHCC n-3 group with a fat intake above the median (28·2 %E), but this should be interpreted with caution since we did not observe any similar trend elsewhere (e.g. when dividing this diet group according to their habitual fat intake). This is also valid for the observed decrease in 15-keto-dihydro-PGF 2a levels in the HMUFA group with a high fat intake.
An impact of fat quality on oxidative stress and inflammation has been investigated in other studies. After substituting a diet high in SFA with a diet high in linoleic acid (18 : 2n-6, 11·5 %E), 8-iso-PGF 2a concentrations increased, whereas they remained unchanged after substitution with MUFA (12) . A possible explanation for this increase in oxidative stress may be that linoleic acid is a precursor of arachidonic acid (20 : 4n-6, the major substrate for isoprostane formation). Also, PUFA has been suggested to be more prone to oxidation than SFA and MUFA (13) . Excretion and formation of 8-iso-PGF 2a were, on the other hand, not 2·5  1·6 -3·5  2·1  1·3 -3·3  2·1  1·4 -3·3  2·3  1·6 -3·5  16 : 0  24·7  21·8 -28·2  24·0  22·1 -26·9  24·8  22·3 -27·7  24·5  21·5 -27·1  16 : 1  1·0  0·6 -1·6  1·0  0·6 -1·8  1·2  0·7 -1·6  1·1  0·6 -1·6  18 : 0  3·9  2·3 -4·8  3·6  2·2 -4·8  3·5  2·2 -4·6  3·5  2·1 -4·7  18 : 1  24·8  22·4 -28·0  27·2  24·5 -30·0  26·4  23·0 -29·2  25·6  22·6 -28·2  18 : 2n-6  28·8  25·7 -32·2  27·1  24·1 -30·9  28·2  24·3 -31·4  27·3  24·4 -30·9  18 : 3n-6  0·02  0·01 -0·05  0·03  0·01 -0·07  0·03  0·01 -0·07  0·03  0·02 -0·06  18 : 3n-3  0·03  0·02 -0·09  0·02  0·01 -0·06  0·03  0·01 -0·06  0·04  0·01 - HSFA, high-fat diet rich in SFA; HMUFA, high-fat diet rich in MUFA; LFHCC, low-fat high-complex carbohydrate diet; LFHCC n-3, LFHCC with n-3 supplementation. HSFA, high-fat diet rich in SFA; HMUFA, high-fat diet rich in MUFA; LFHCC, low-fat high-complex carbohydrate diet; LFHCC n-3, LFHCC with n-3 supplementation; CRP, C-reactive protein. * Measured in urine (nmol/mmol creatinine).
† Measured in plasma (mg/l). ‡ CRP has previously been presented as 'data not shown' (AC Tierney, unpublished results).
changed after ingestion of SFA diet compared with a rapeseed oil diet rich in a-linolenic acid (18 : 3n-3) (14) . Contrary to the present results, daily supplementation of EPA and DHA for 3 months reduced the levels of 8-iso-PGF 2a measured in the plasma, but not the levels of 15-keto-dihydro-PGF 2a compared with the controls among the healthy subjects in the KANWU study (15) . An isoprostane-reducing effect of n-3 PUFA has also been observed both in treated hypertensive subjects with type 2 diabetes (16) and in other subjects (5) . Our observed correlations between the change in 8-iso-PGF 2a and the changes in plasma DPA (22 : 5n-3) and DHA (22 : 6n-3) are in line with the previous results. Although the duration of supplementation was similar to that followed in the KANWU study, the dose of n-3 PUFA supplementation used in the present study might be too low to elicit an effect on 8-iso-PGF 2a and 15-keto-dihydro-PGF 2a status. For example, the dose was less than half of that used in the KANWU study (15) . The impact of supplementation dose has also been discussed elsewhere (17) . Another explanation for the lack of effect may be that the endogenous levels of n-3 PUFA were sufficient already at baseline, while the dietinduced changes in circulating n-3 PUFA levels were limited, i.e. inadequate supplementation with respect to the preexisting intake (n-3 PUFA at baseline was 3·6 % (median), interquartile range: 2·5 -4·9 %).
The LIPGENE study is one of the largest dietary interventions in subjects with the MetS. Although the primary endpoint was insulin sensitivity, our post-trial power calculations did not indicate a lack of power to detect significant differences in inflammatory or oxidative stress markers. According to dietary records, compliance was high in all the diet groups (9) . However, fat intake assessment by dietary records is associated with reporting bias and measurement errors (18) , therefore compliance level should always be considered in all the dietary interventions. It should also be noted that the LIPGENE study is a multicentre study of a Pan-European nature, where there were differences between the habitual diets at baseline. Therefore, there may have been heterogeneity in the change of the dietary composition within each diet group, which may have affected the results. However, the lack of effect of dietary fat modification in this large randomised intervention trial is of clear scientific interest. To further elucidate the effect of various dietary fatty acids on oxidative stress and inflammatory markers, more specifically designed trials are needed, using other types of fatty acids, e.g. PUFA (n-6 and/or n-3) instead of MUFA as well as applying higher doses of n-3 PUFA supplementation. It should also be mentioned that even though no effects were observed on the investigated systemic markers for oxidative stress and inflammation, there may be local tissue effects on cellular levels.
In conclusion, this 12-week dietary intervention did not show any effect of modified fat quantity and quality on the investigated oxidative stress and inflammatory markers (F 2 -isoprostane, PGF 2a metabolite and CRP) among subjects with the MetS.
